Abstract We present a sample of 30 well observed Post Common Envelope Binaries (PCEBs). Deriving the cooling age of the white dwarfs, we show that the PCEB population is dominated by young systems. Having calculated the orbital evolution of the systems under the assumption of two different prescriptions for the angular momentum loss, we find that most of the systems have not yet completed a significant fraction of their PCEB life time. We therefore predict the existence of a large population of old PCEBs containing cold white dwarfs (T eff < ∼ 15 000 K). Our calculations show that nearly half of the PCEBs in our sample will evolve into a semi-detached configuration and start mass transfer in less than the Hubble-time. These systems are thus representative for progenitors of the current CV population. Only one of them (V471 Tau) will evolve into a long-period (P orb > ∼ 4 h) CV, and a significant fraction of the systems will start mass transfer in the period gap. Having estimated the distances of the PCEBs in the sample, we derive a space density of ρPCEB ∼ 6 − 30 × 10 −6 pc −3 , depending on the assumed angular momentum loss prescription. Taking into account the evolutionary time scales we compute a lower limit for the CV space density, predicted by the currently known PCEB population of ρCV > ∼ 10 −5 pc −3 . Finally, we discuss possible observational selection effects and conclude that the observed PCEB population is probably highly incomplete.
Introduction
In cataclysmic variables (CVs) (Warner, 1995 , for an encyclopaedic review) a white dwarf accretes material from its Roche-lobe filling secondary, typically a K-or M-dwarf.
The standard picture for the formation of CVs assumes that the progenitor systems were moderately wide binaries consisting of an intermediate mass star with a low mass companion. Once the more massive star evolves to giant dimensions and fills its Roche-lobe, runaway mass transfer onto the less massive star starts and the systems enters into a Common Envelope phase (CE). Friction within the envelope extracts angular momentum, which tightens the orbit. Post common envelope binaries (PCEB) with orbital periods of a few days or less may evolve into a semi-detached CV configuration through orbital angular momentum loss. Plausible angular momentum loss agencies are gravitational radiation and -much more efficientmagnetic braking.
The standard paradigm describing the evolution of CVs after the onset of mass transfer is known as disrupted Send offprint requests to: M.R. Schreiber, e-mail: mschrei@astro.u-strasbg.fr magnetic braking (Rappaport et al. 1983; Paczynski & Sienkiewicz 1983; Spruit & Ritter 1983 ; see King 1988 for a review). In brief, the concept of this theory is that the evolution of CVs is divided into two main phases, depending on the prevailing angular momentum loss mechanism. Stellar magnetic braking dominates in CVs whose Rochelobe filling donor stars still have a radiative core, which is the case for orbital periods P orb ≥ 3 h. Once that the donor stars become fully convective at P orb ≃ 3 h, magnetic braking ceases. For P orb < 3 h gravitational radiation takes over as a much less efficient angular momentum loss mechanism, resulting in longer evolution time scales. As a consequence of the high mass loss rate in the magnetic braking regime, the donor stars in CVs with P orb > 3 h are somewhat expanded. The mass loss rate decreases when magnetic braking ceases at P orb ≃ 3 h, and the donor star reacts by relaxing to its thermal equilibrium configuration with a radius that is smaller than its Roche-lobe radius. As a result, the mass transfer shuts off completely, and the CV becomes an inactive detached white dwarf/dM binary that evolves towards shorter periods through emission of gravitational radiation. At P orb ≃ 2 h, the secondary fills again its Roche volume and re-starts the mass transfer (though at a much lower rate than in the long-period CVs).
The main merit of the disrupted magnetic braking model is that it can successfully explain the period gap, i.e. the statistically significant paucity of known CVs with orbital periods in the range 2 − 3 h. However, a number of predictions of this standard model are in strong disagreement with the observations: (1) the predicted minimum orbital period is 65 − 70 min, 10% shorter than the observed value (Kolb & Baraffe, 1999) ; (2) CVs should spend most of their lifetime near the minimum period, increasing the discovery probability for such systems. Population syntheses predict a significant accumulation of systems near the minimum period, which is not observed (Kolb & Baraffe, 1999) ; (3) whereas all population syntheses predict that ∼ 95% of the entire CV population should have orbital periods < 2 h (e.g. Howell et al., 1997) , similar numbers of CVs are observed above and below the period gap; (4) while the population models predict a space density of a few 10 −5 to a few 10 −4 pc −3 (de Kool, 1992; Politano, 1996) , the space density derived from the currently known sample of CVs is only several few 10 −6 pc −3 (e.g. Downes, 1986; Ringwald, 1996) . If the population models are correct, we have identified so far only a small fraction (∼ 1 − 10 %) of the existing CV population ; and finally (5) there is no observational evidence for a discontinuous change in the spin-down rate due to magnetic braking between late-type field stars that are fully convective and those that have a radiative core.
It is apparent that detailed populations studies of the CV progenitors (i.e. PCEBs) are extremely important for a global understanding of CV formation and evolution, and extensive theoretical analyses of these systems have been performed in the past (Ritter, 1986; de Kool, 1992; de Kool & Ritter, 1993; King et al., 1994; Politano, 1996) . However, the relatively small number of known PCEBs limited so far the comparison of these studies with observations. Throughout the last decade, a number of additional PCEBs have been discovered, significantly improving the statistical properties of the known PCEB population.
In this paper, we analyse the properties of a sample of well-observed PCEBs and discuss possible implications for the PCEB/CV evolution. In Sect. 2, we briefly summarise recent alternatives/additions to the standard CV evolution theory outlined in the Introduction. The different angular momentum loss prescription that have been used in the context of CV evolution are described in Sect. 3. We introduce our sample of PCEBs in Sect. 4, and discuss the past and future evolution of these stars in Sect. 5 and 6, respectively. Section 7 provides the distances to the PCEBs in our sample. In Sect. 8, we compute the space density of PCEBs, and use this result to estimate the space density of the present-day CV population. The effects of observational biases are discussed in Sect. 9. Finally, Sect. 10 summarises our findings.
When discussing the properties of the present-day PCEB population in the context of the present-day CV population, specifically in Sect. 6 and 8, we will use the term pre-cataclysmic variables (pre-CVs) to denote those systems which can be regarded as representative for the progenitors of the current CV population -i.e. PCEBs that evolve into a semi-detached configuration in less than the Hubble-time 1 .
2. Recent modifications of the "standard scenario" of CV formation and evolution
The "standard scenario" of CV formation and evolution outlined in the introduction has essentially remained unchanged during the last two decades, even though being challenged with a number of alternative suggestions (Livio & Pringle, 1994; Clemens et al., 1998; Kolb et al., 1998) . Very recently, two far-reaching modifications for the standard scenario have been proposed. Sills et al. (2000) and Pinsonneault et al. (2002) presented theoretical models of the angular momentum evolution of low mass stars (0.1 − 0.5 M ⊙ ) and compared their models to rotational data from open clusters of different ages to infer the rotational history of low-mass stars and the dependence of initial conditions and rotational evolution on mass. The studies of Sills et al. (2000) , Pinsonneault et al. (2002) , and Andronov et al. (2003) have two important consequences for the theory of CV evolution. On one hand, angular momentum loss via magnetic braking is less efficient above the fully convective boundary than in the standard CV model, and as a result the evolution time scale of PCEBs containing a secondary with a radiative core is expected to be 2 orders of magnitude longer than in the standard model. On the other hand, the observed angular momentum loss properties show no evidence for a change in behaviour at the fully convective boundary. Magnetic braking remains, hence, an important angular momentum loss mechanism in PCEBs with a fully convective secondary, and these systems evolve faster than in the standard scenario. Due to the increased angular momentum loss below the gap, the theoretical orbital minimum increases, which is in better agreement with the observations (Kolb & Baraffe, 1999; Patterson, 1998; .
However, the evolution time scale of CVs above the gap is much longer than in the standard scenario, and the existence of the observed period gap is tentatively explained by Pinsonneault et al. (2002) by two separated populations of CVs with differently evolved donor stars. One problem with this modification of the standard CV evolution scenario is that the reduced angular momentum loss above the period gap predicts mass transfer rates that 1 Obviously also PCEBs with evolutionary time scales longer than the Hubble-time will form CVs, but they differ from the progenitors of present-day CVs. This difference is the only reason for our definition of "pre-CVs".
Schreiber & Gänsicke: PCEBs 3 are significantly lower than the values derived from the observations. This issue is discussed in more detail in Sect. 3. and postulate that the PCEB evolution into a semi-detached configuration takes much longer than in the standard scenario. Without modifying the standard angular momentum loss prescription, such a situation would arise if the frictional angular momentum loss during the CE is less efficient, the PCEBs exit the CE with wider orbits, and evolve into the semi-detached CV configuration only on longer time scales than typically assumed. If the time scale to initiate mass transfer is of the order of the galactic age (∼ 10 10 yrs), both the minimum orbital period problem and the space density problem are solved as a much smaller number of CVs has been produced to date compared to the standard scenario, and the present-day CV population has not yet reached the minimum period. Finally speculate that the longer evolution time scale for PCEBs proposed in their model might be related to a reduced magnetic braking as suggested by Andronov et al. (2003) . However, if the assumed birth rate of the PCEB progenitor binaries remains unchanged, a longer PCEB phase must result in a very large population of old PCEBs. In the following sections, we analyse the properties of the known PCEB sample and discuss the results in the framework of both the standard CV evolution and the context of a revised magnetic braking prescription.
Angular momentum loss
Angular momentum loss (AML) drives the evolution of the binaries and hence, our understanding of AML is the main ingredient of CV and PCEB evolution. It is believed that PCEBs as well as CVs lose angular momentum via gravitational radiation and magnetic braking.
The rate of AML due to radiation of gravitational waves from Einstein's quadrupole formula iṡ
with M 1 and M sec the mass of the primary and the secondary. Unfortunately, the efficiency of magnetic braking is rather uncertain (see the Introduction and Sect. 2) and it may have been overestimated in the past (see Pinsonneault et al., 2002) . In the following analysis of the currently known PCEB sample we use, therefore, two different prescriptions of AML to calculate the evolution of our sample of PCEBs.
(1) Disrupted magnetic braking until the secondary becomes fully convective and magnetic braking ceases (following the standard scenario of Verbunt & Zwaan, 1981; Rappaport et al., 1983) . In this case, the AML is given bẏ
The original version of the magnetic braking law corresponds to γ = 4.0 (Verbunt & Zwaan, 1981) . In the context of the CV evolution γ = 2.0 is frequently used, and hence we adopt this value throughout this work.
(2) The empirical AML prescription derived from open cluster data of single stars is (Sills et al., 2000) ,
where ω crit depends on the mass of the secondary. For stars with masses M > ∼ M ⊙ a Rossby scaling matches the observations
with τ being the convective overturn time (Krishnamurthi et al., 1997) . For lower masses the dependence of ω crit on mass is found to be stronger than given by Eq. (4) (Sills et al., 2000) . Throughout this work we adopted the values for ω crit given by Andronov et al. (2003) . Notice, for the systems in our sample we find ω = 10 − 10 2 × ω crit . In the following sections we distinguish between the two currently discussed AML prescriptions using the notationJ CMB andJ RMB when referring to the classical respectively the reduced AML prescription: Fig. 1 shows the AML as a function of P orb for PCEBs. Fig. 2 compares the angular momentum loss agencieṡ J CMB ,J GR , andJ RMB for CVs (see also Pinsonneault et al., 2002; Andronov et al., 2003) . It is worth noting that the reduced magnetic braking prescription is not only subject to observational uncertainties (as stated by Andronov et al. (2003) themselves) but also unable to explain the mass accretion rates derived from observations for CVs above the orbital period gap (e.g. Patterson, 1984) . This is a firm conclusion unless (1) all nova-like systems represent short-lived high accretion states or (2) there exists an additional AML mechanism in these systems. Referring to (1) we note, the possibility of irradiation induced mass transfer cycles (e.g. and that nova eruptions widen the mass transfer spectrum (Kolb, 2002) . Concerning (2) we note that circumbinary disks in CVs have been suggested as rather efficient additional AML agents (Spruit & Taam, 2001; Dubus et al., 2002) . Thus, while the reduced AML prescription has a problem to explain the "observed" mass transfer rates of CVs above the gap, it is currently not possible to rule out its validity because of the additional complications just mentioned 2 . Figure 1 . Angular momentum loss in PCEBs as a function of the orbital period. We assumed Msec = 0.4M⊙ and M1 = 0.6 M⊙. Apparently the revised magnetic braking prescriptions is of similar efficiency as the classical prescription for long orbital periods whereas it is only a few times the angular momentum loss due to gravitational radiation for short orbital periods. Figure 2 . Angular momentum loss in CVs. As in Fig. 1 we used M1 = 0.6M⊙ (see also Pinsonneault et al., 2002; Andronov et al., 2003) . The dotted lines correspond to Eq. (5) with two values for γ (see Eq. (2)). The abrupt decrease displays the shutoff of magnetic braking for Msec < 0.3M⊙. The dashed line represents angular momentum loss by gravitational radiation only whereas the solid line refers to the revised angular momentum loss prescription (Eq. (6)).
Considering the described uncertainties of the AML in close binaries, we discuss the current PCEB population in the context of both prescriptions,J CMB andJ RMB . Figure 3 . The ZAMS mass radius relation given by Politano (1996) and the positions of the PCEB secondaries for which an observationally determined radius is available. The arrows indicate that the radii of the secondaries in these planetary nebulae are larger due to recent accretion onto the secondary during a CE phase. Before becoming a CV the secondary will have contracted to its main-sequence radius.
PCEBs: The present
We have compiled for our present study a sample of PCEBs with well-established characteristics from various literature sources, including the catalogues of and Kube et al. (2002) . We exclude from our sample systems with M sec > M 1 (such as V651 Mon), systems with P orb > ∼ 2 d (such as Feige 24), and systems with sub-giant secondary stars (such as FF Aqr). Table 1 lists the properties of our PCEB sample, which consists of 18 systems containing a white dwarf primary and 12 systems containing an sdOB primary (of which four are the central stars of planetary nebulae). These 30 systems represent the currently known population of well-observed PCEBs which will evolve eventually into a semi-detached configuration and turn into a CV and for which reliable observational data exists.
It is interesting to note that the radii of the secondaries derived from observations (Table 1) are generally in good agreement with the ZAMS mass-radius relation given by Politano (1996) . Exceptions are the secondary stars in the binary planetary nebulae BE UMa, KV Vel, V477 Lyr, and UU Sge whose radii exceed the ZAMS value by a factor of ∼ 2 (Fig. 3 ). This effect can be explained by accretion of matter onto the secondary at a relatively high rate during the recent CE-phase. Numerical calculations of accreting low-mass stars have been performed by Prialnik & Livio (1985) for a fully convective star of M = 0.3M ⊙ and Fujimoto & Iben (1989) for a low mass main sequence star of M = 0.75M ⊙ . The calculations show that rather recent accretion at a rate of ∼ 10 −5 M ⊙ yrs −1 to of PCEBs, as all the complications related to mass transfer are not present in these binaries. † PG 1224+309. ! The radius of the secondary is estimated using the mass-radius relation shown by Kudritzki et al. (1982) (their Fig. 8 ). % Radii of the secondary calculated by using the mass-radius relation given by Politano (1996) . References: (1) Schmidt et al. 1995, (15) Wood & Saffer 1999, (16) Drechsel et al. 2001, (17) Orosz et al. 1999 , (18) Maxted et al. 2002 , (19) O'Brien et al. 2001 Kilkenny et al. 1998, (21) Rauch 2000, (22) Vennes et al. 1999, (23) Bergeron et al. 1994 , (24) Fulbright et al. 1993 Green et al. 1978, (26) Green et al. 1984, (27) Grauer & Bond 1983 , (28) Catalan et al. 1994 Chen et al. 1995 (30) Miller et al. 1976 Pollacco & Bell 1993 , (32) Bell et al. 1994 Pollacco & Bell 1994, (34) Bond & Livio 1990, (35) Walsh & Walton 1996, (36) Hilditch et al. 1996, (37) Herrero et al. 1990, (38) Sing et al. 2001, (39) Wood et al. 1995 , (40) Ferguson et al. 1999 ∼ 10 −7 M ⊙ yrs −1 can explain the observed expansion of the secondary. As the time scale on which the secondary contracts is shorter than the binary evolution time scale we use radii calculated from the mass-radius relation of Politano (1996) for the four planetary nebulae in our calculations (Sect. 5, and 6).
A peculiar system is the Hyades PCEB V471 Tau, located in the upper right corner of Fig. 3 . Apparently, the secondary is expanded with respect to the ZAMS mass radius relation. Using radiometric measurements and ground based Doppler imaging O'Brien et al. (2001) explain the oversized secondary in V471 Tau as the result of a large fraction of the secondaries surface being covered by star spots, lowering its average effective temperature. In order to maintain the luminosity of a 0.93 M ⊙ dwarf, the radius of the star has, hence, to exceed the ZAMS value. It is worth to note that also the white dwarf in V471 Tau represents an evolutionary paradox as it is the hottest (and therefore youngest) as well as the most massive white dwarf in the Hyades cluster. O'Brien et al. (2001) discuss the possibility that V471 Tau is descended from a blue straggler, which would imply that its progenitor was initially a triple system. Nevertheless, despite its curious nature, V471 Tau is the best-observed PCEB, and, as described in detail in Sect. 6, it will be the PCEB from our sample that starts mass transfer at the longest orbital period.
Final notes concern MT Ser, UU Sge, EC 13471-1258, BPM 71214, PG 1017-086 and AA Dor. The orbital period of MT Ser might be as twice as long as given in Table 1 , and the system may consist of two hot subdwarfs rather than a subdwarf plus cool companion (Bruch et al., 2001) . The large discrepancy between the two values for the temperatures of the primary in UU Sge given in Table 1 results from the fact that Bell et al. (1994) could fit the observed light curve equally well by assuming either limb-darkening or limb-brightening. The given values may therefore be interpreted as upper and lower limits. The binary parameter for EC 13471-1258 and BPM 71214 given in Table 1 indicate these systems are extremely close to the semidetached state. Therefore Kawka et al. (2002) suggested that at least EC 13471-1258 might also be a hibernating nova instead of a PCEB. We additionally note that the radius obtained for the secondary in EC 13471-1258 is essentially lower than predicted by the main-sequence mass radius relation which appears implausible and indicates rather large uncertainties in the values for M sec and/or R sec . Finally, the classification of the secondaries in PG 1017-086 and AA Dor is not unambiguous. It has been noted that in both systems the secondary may also be a brown dwarf rather than a low mass M-dwarf (Maxted et al., 2002; Rauch, 2000) .
PCEBs: The past

The white dwarf cooling age
The cooling of single white dwarfs has been modelled to a very high degree of precision allowing to derive accurate age estimates for field white dwarfs from their (observationally determined) effective temperatures and masses. Some uncertainties in the theoretical models remain at the low-temperature end of the white dwarf luminosity function, and are relevant primarily for the cosmochronological interpretation of the coldest (halo) white dwarfs (see the reviews by Fontaine et al. 2001; Koester 2002) .
We determined the cooling ages for the PCEBs in our sample which contain a white dwarf primary by interpolating Wood's (1995) CO core evolution tracks for the effective temperatures and masses listed in Table 1 3 . The cooling age estimates are given in Table 2 , and are shown in Fig. 4 along with Wood's cooling tracks. The bottom panel of Fig. 4 displays the age distribution of our PCEB sample. It is evident that the currently known population of PCEBs is strongly dominated by systems younger than 5×10 8 yrs, with the exception of RR Cae, which has a cooling age of t cool ∼ 10 9 yrs. The mean cooling age of the 18 systems in the sample containing a white dwarf primary is t cool ∼ 1.4 × 10 8 yrs. Considering that the sdOB, sdO, and PN systems in our sample are white dwarf progenitors, the mean age of the entire PCEB sample is even lower. The accuracy of our cooling age estimates depends (a) on the uncertainties in the white dwarf masses and (b) on the core composition of the white dwarfs. We discuss both issues in more detail below.
(a) The white dwarf masses in PCEBs can be measured to a rather high level of precision, as several independent methods are available in these systems (fitting model spectra to the Balmer lines, dynamical measurements from the radial velocity variations of the white dwarf and its companion, measurement of the gravitational redshift of photospheric lines from the white dwarf). The errors on the white dwarf masses extracted from the literature (Table 1) are completely negligible in the context of our cooling age estimates. Even if we assume that the published errors are underestimated, and that the true errors in the white dwarf masses are of the order ±0.1 − 0.2M ⊙ , the corresponding uncertainties in the derived cooling ages are of the order ∼ 2, which is still irrelevant for the comparison to the binary evolution time scales.
(b) The evolution of a white dwarf progenitor in a binary system may affect the core composition of the white dwarf. If the first Roche lobe overflow phase occurs prior to helium ignition in the primary star (de Kool & Ritter, 1993; Iben & Tutukov, 1993 ) the resulting white dwarf will be of low mass and have a helium core. Consequently, evolution models for CVs predict that systems with a low mass primary (M 1 < 0.5M ⊙ ) should contain a helium core white dwarf (de Kool & Ritter, 1993; de Kool, 1992; Politano, 1996; Howell et al., 2001) . Careful observations of seven previously considered low mass single white dwarfs revealed that five of them are indeed close binary systems (Marsh et al., 1995) .
Comparing the cooling models for CO white dwarfs (Wood, 1995) and He white dwarfs (Althaus & Benvenuto, 1997; Driebe et al., 1998 Driebe et al., , 1999 shows, however, that the evolution of CO and He white dwarfs differs noticeably only for very low-mass stars, where residual hydrogen shell burning dominates over the gravothermal energy release. Inspecting Figs. 2 and 3 of Driebe et al. (1998) shows that only for a single system from our sample (Table 1) the cooling age derived from Wood's (1995) CO tracks may be significantly wrong: if the white dwarf in RR Cae (0.467 M ⊙ , 7000 K) contains a He core, then its cooling age is ∼ 4 − 5 × 10 9 yrs, compared to 1.2 × 10 9 yrs for a CO core. We conclude that the effect of different core compositions is negligible in the context of the present paper, but has to be taken into account in future analyses if additional PCEBs containing low mass (M 1 < ∼ 0.4 M ⊙ ) and cool (T eff < ∼ 20000 K) white dwarfs are found.
A final note concerns the possible effect of re-accretion of CE material, which may alter the composition of the white dwarf envelope in a PCEB with respect to that of a single white dwarf. Differences in envelope/atmosphere composition will affect the cooling of the white dwarf only at the low-temperature end of the luminosity function. While this effect is important for the cosmochronological interpretation of the coldest and oldest halo WDs (e.g. Koester, 2002) , it is irrelevant for our PCEB sample.
The orbital period at the end of the common envelope phase
During the detached post CE-phase the masses of the companions remain essentially constant, i.e.Ṁ wd =Ṁ sec = 0. With Kepler's third law this leads to the well known relatioṅ
Based on the the cooling age of a given PCEB derived from cooling tracks (Fig. 4, Table 2 ) we can approximate the orbital period at the end of the CE phase by integrating Eq. (7). We have done this calculation for both the standard scenario (Eq. (5)), and for the empirical AML prescription by Sills et al. (2000) (Eq. (6)). In the standard scenario magnetic braking is assumed to be much stronger than gravitational radiation for M sec > 0.3M ⊙ and, hence, we can simply integrate Eq. (7) using eitheṙ J =J GR orJ =J VZ depending on the mass of the secondary. For gravitational radiation only we get:
(see also Ritter, 1986) . For systems with M sec > 0.3M ⊙ we assumeJ =J VZ and derive:
Considering the empirical angular momentum loss prescription of Sills et al. (2000) the situation is somewhat more complex as the two angular momentum loss agencies can be of the same order of magnitude (see Fig. 1 ) and we can not neglect gravitational radiation. Nevertheless, there exists also an analytical solution for the integral of Eq. (7) usingJ =J RMB :
Having derived the cooling age of the PCEBs we solve Eqn. (8), (9), and (10) to obtain the orbital period immediately after the CE phase (P CE ). Again, the results are given in Table 2 . Not surprisingly, P CE is very close to the present orbital period of the systems as we found most of the PCEBs to be quite young. For systems with t cool < ∼ 10 7 yrs we get essentially P orb ≃ P CE . Clearly, the assumed AML prescription makes a significant difference only for rather old PCEBs (i.e. RR Cae, in our sample) or for systems not too young and with M sec > 0.3M ⊙ (EG UMa, V471 Tau, EC 13471-1258, BPM 71214). In these cases we give in Table 2 both results where the second line corresponds toJ =J RMB . Comparing the obtained distribution of orbital periods after the CE-phase (P CE ) with theoretical predictions (Fig. 9 in de Kool, 1992), we find reasonable agreement: for our systems we get 0.4 > log(P CE ) > −1.1 with ∼ 60% in the range of −0.1 > log(P CE ) > −0.6.
The total age of the PCEBs
The cooling age of the primary represents just the age of the systems after the end of the CE. To approximate the total age of the binary, i.e the time since it appeared on the main sequence we use simple analytical fits to the stellar evolution, Roche geometry, and Kepler's third law to obtain the nature of the initial main sequence binary. Combining Eqn. (35, 36) , and (43)-(49) of Politano (1996) with the standard prescription of the binary shrinkage during the CE-phase (Eq. (8) in de Kool, 1992) gives the mass of the initial primary and, hence, the nuclear evolution time. This is, of course, just a rough approximation because an uncertain fraction α CE of the gravitational binding energy that is released when the secondary and the primary spiral together goes into the ejection of the envelope. However, we assume α CE = 1 and λ = 0.5 (see de Kool, 1992) which gives results in reasonable agreement with the initial-to-final mass relation for CO-white dwarfs (Weidemann, 2000) . The estimates obtained for the masses of the progenitors of the primaries (M 1,pCE ) and the resulting evolution time since the binary appeared on the main sequence (t evol ) are also given in Table 2 . For PCEBs containing a low mass white dwarf t evol can be of the order of 10% of the Hubble time (see Table 2 ) and therefore is not generally negligible.
6. PCEBs: The future 6.1. How long before the onset of mass transfer?
In the last section we showed that the vast majority of the known PCEBs are young objects. Here, we calculate the orbital periods that these binaries will have when they turn into CVs as well as the time scale for this evolution.
Knowing M 1 and M sec of a (detached) PCEB (Table 1 ) the orbital period of the corresponding semi-detached con-10 100 1000 Figure 5 . The orbital period distribution of the currently known CV population (from Kube et al. 2002) . Grey-shaded is the orbital period gap. The vertical lines on the top indicate the periods at which the PCEBs from Table 1 will enter a semi-detached configuration and start mass transfer. Those PCEBs that will evolve into CVs within less than a Hubble time (Table 2 ) are considered to be genuine pre-CVs. The two PCEBs with P sd below the minimum orbital period of CVs at ∼ 80 min are the two systems in our sample which possibly have a brown dwarf secondary AA Dor and PG 1017-086 (see Sect. 4).
figuration, P sd follows from Roche geometry and Kepler's third law (Ritter, 1986) :
Here R L denotes the volume radius of the Roche-lobe of the secondary and a the binary separation. We use the formula of Eggleton (1983) to relate these quantities to the mass ratio of the system. The resulting P sd for the PCEBs in our sample are listed in Table 2 and are compared to the orbital period distribution of the currently known CV population in Fig. 5 . It is apparent that only a small number of systems (∼ 22%) of the currently known PCEB population will evolve into CVs above the period gap (P sd > 3 h), whereas ∼ 30% will evolve into contact at P sd < 2 h. A somewhat surprising result is that almost half (∼ 48%) of the currently known PCEBs will start their CV life in the period gap (2 h< P sd < 3 h). The small number of progenitors of long-period CVs will be discussed in Sect. 9. Knowing P sd we now calculate the time it will take a PCEB to become a CV (t sd ), again by integrating Eq. (7) assuming either AML according to the "standard scenario" (J =J CMB ) or Sill's et al. (2000) empiric AML prescription (J =J RMB ). The solution for t sd can be derived by replacing t cool , P orb , P CE with t sd , P sd , P orb in Eqn. (8-9). It is worth to note that although the PCEBs evolve on a time scale comparable or even longer than 10 10 yrs, the expansion of the secondary due to its nuclear evolution is negligible for all the PCEBs in our sample Figure 6 . The PCEB evolution of HR Cam and EG UMa assuming two different prescriptions for the AML,JCMB anḋ JRMB. As the mass of the secondary in HR Cam is significantly below 0.3M⊙ the system evolves slower into contact if we assume AML according to the standard scenario. Conversely, EG UMa turns into a CV much faster in the standard scenario because of the more efficient magnetic braking for Msec > 0.3M⊙. Figure 7 . The cooling tracks of Wood (1995) and the locations in the age/temperature plane where mass transfer will initiate for the PCEBs with a short PCEB lifetime (t cool + t sd < 6 × 10 9 yrs). The filled squares correspond toJCMB the open squares toJRMB. Notice, most of the PCEBs will stay more than 10 10 yrs in the PCEB state and, hence, will have T eff < 6000 K when becoming semi-detached. and, hence, not taken into account in our calculations. Inspecting the resulting t sd (Table 2) , it becomes evident that most of the PCEBs have completed only a small fraction f PCEB of their predicted PCEB-lifetime. On average the total evolution time for the PCEBs is ∼ 3.4 × 10 10 yrs independent on the assumed AML prescription 4 . AssumingJ =J CMB , four systems (i.e. EG UMa, EC 13471-1258, BPM 71214, V471 Tau) have f PCEB > 0.1. EC 13471-1258 is expected to be very close to the onset of mass transfer, f PCEB > 0.995, and one may speculate that this system is an old nova rather than a PCEB (Kawka et al., 2002 , see also Sect. 4).
As expected, t sd of an individual system depends strongly on the assumed AML prescription. Following Andronov et al. (2003) we obtain shorter evolution times (by a factor of 1.5 − 4) compared to the standard scenario for systems with M sec < 0.3M ⊙ , whereas for systems with M sec ≥ 0.3 M ⊙ t sd is significantly longer (by a factor of 3 − 30 depending on the present orbital period of the system). The differences in t sd , depending on the use ofJ CMB orJ RMB are illustrated for the systems HR Cam and EG UMa in Fig. 6 . Figure 7 shows that most of the PCEB white dwarfs will be very cool when the secondary is expected to fill its Roche-lobe and mass transfer starts. Only forJ CMB we get one system, (i.e. V471 Tau, the filled square in the upper left corner of Fig. 7 ) in which the mass transfer starts while the primary still can be considered a "hot" white dwarf.
Representative progenitors of the current CV population
Analysing PCEBs is not only interesting in itself, it is also important in the context of CV formation and evolution (see Sect. 1 and 2). Discussing the properties of our sample of PCEBs in the framework of the present-day CV population requires to select those systems which are representative for the former progenitors of the current CV population. Only PCEBs which will evolve into CVs in less than the Hubble time (assuming τ 0 = 1.3 × 10 10 yrs 5 ) satisfy this condition. To distinguish these systems from the PCEBs which are different from the former progenitors of the present CVs we refer to them as pre-CVs (see also Sect. 1).
Applying this selection criterion, we find 14 (16) pre-CV candidates in our sample (Table 2 ) when assuminġ J CMB (J RMB ). Although t sd depends strongly on the assumed AML for some individual systems (e.g. EG UMa, 4 Notice,JRMB is smaller thanJCMB only above the gap otherwiseJRMBis more efficient.
5 Recently Ferreras et al. (2001) set new constraints on the age of the universe combining the results obtained by cosmochromology, stellar population synthesis, and mapping of the peaks in the microwave background. They derived an age of 13.2 +1.2 −0.8 Gyrs. Note also that Cayrel et al. (2001) obtained a stellar age of 12.5 ± 3 Gyrs from uranium decay. Throughout this work we therefore assume that star formation in the Galaxy began 13 Gyrs ago. Table 2 . The properties of the PCEBs calculated in Sect. 5-7. If there is no reference given in the Table, the distance is obtained from the references listed in Table 1 . The time until the mass transfer is expected to start (t sd ) is calculated using Eq. (8), (9) (CMB) and Eq. (10) (RMB). The total time until the system becomes semi-detached, ttot is given by the sum of the present cooling age, t cool , the estimated MS lifetime of the primary, t evol , and t sd . PCEBs with ttot less than a Hubble time are marked in bold. For the systems RR Cae, EG UMa, EC 13471-1258, BPM 71214 and V471 Tau we find the properties of the progenitor of the PCEB (orbital period PCE, primary mass M1,pCE and, t evol ) depending on the assumed AML (see text). In these cases, the second line gives the results assuming reduced magnetic braking (RMB) whereas the first line corresponds to the classical magnetic braking assumption (CMB). fPCEB gives the mean fractional PCEB life time that the system has already passed through. The orbital period at which the PCEB starts mass transfer P sd is independent on the assumed angular momentum loss. References: (1) Bruch & Diaz (1998) , (2) this work, section 7, (3) Perryman et al. (1998) , (4) Abell (1966) , (5) Cahn & Kaler (1971) , (6) Maciel (1984), (7) 6 ; see also Fig. 8 ), the number of pre-CVs among the PCEB sample is nearly independent on it (see Table 2 , Fig. 8 ). From the sample of pre-CVs 5 (3) will initiate mass transfer at orbital periods > 3 h whereas the other 9 (13) systems will start their CV life in or below the orbital period gap. This finding is in good agreement with the prediction of King et al. (1994) that > ∼ 67% of CVs will start mass transfer near or below the period gap. Possible observational selection effects will be discussed in Sect. 9.
CMB RMB
A further test on whether the current pre-CV population is a representative sample of progenitors for the present CV population comes from comparing their space density to that of CVs. An estimate of the space density of PCEBs/pre-CVs requires obviously the knowledge of their distances.
Distance estimates
We estimate the distances to the systems in Table 1 for which no previous distance determination has been available in the literature using the following methods.
PCEBs with a white dwarf primary
For all but one system without a published distance estimate ultraviolet (UV) spectroscopy is available in the public archives of the International Ultraviolet Explorer (IUE ) and the Hubble Space Telescope. We fitted the UV data listed by Table 3 with pure-hydrogen white dwarf model spectra computed with the code described by Gänsicke et al. (1995) , fixing log g = 8.0, i.e. M 1 ≈ 0.6 M ⊙ . The free parameters of this fit were, hence, the white dwarf temperature T eff and the scaling factor f /H = 4πR 1 2 /d 2 , with f the observed flux and H the Eddington flux of the model spectra. The results from our fits are given in Table 3 . Overall, the white dwarf temperatures that we derived here are in good agreement with the published values.
Fixing the surface gravity ( = white dwarf mass) in the fit introduces a systematic uncertainty in the derived distances, as the white dwarf radius obviously depends on the assumed mass. However, it is important to notice that also the white dwarf temperature derived from the fit depends on the assumed mass, with higher (lower) temperatures resulting for higher (lower) log g. This effect compensates to some extent the R 1 (M 1 ) dependence, and the error in the spectroscopic parallaxes is ≃ ±15% for an assumed range log g = 8.0 ± 0.5 (i.e. 0.35 M ⊙ < ∼ M 1 < ∼ 0.9 M ⊙ ), which covers probably most of the analysed objects. The Hyades member HZ 9 can be used to estimate the robustness of our distance estimate and error analysis. From our model fit to unpublished HST STIS spectroscopy, we find a temperature which is slightly below the low end of the range quoted by Guinan & Sion (1984) , which was based on the analysis of IUE spectroscopy. However, the much better HST data available now clearly shows the 1400Å quasimolecular H 2 + absorption which indicates a temperature < 20 000 K (Fig. 9) . We derive from the scaling factor of the model a distance of d = 40±6 pc, which is entirely consistent with the Hipparcos-measured parallax (Perryman et al., 1998) .
For GK Vir, we had to fix the temperature to the value derived by Fulbright et al. (1993) as the temperaturesensitive Lyα absorption line is entirely blended with geocoronal emission in the available IUE spectrum.
A final note concerns the distance of LM Com. Orosz et al. (1999) quote a distance of 290-308 pc, which they base on a lengthy discussion of the white dwarf contribution to the observed R band magnitude. However, as the contamination of the M-dwarf is lowest in the blue, we re-examined the distance of LM Com scaling a T eff = 30 000 K, log g = 8.0 model to F λ (4700Å) ≃ 17 × 10 −16 erg cm −2 s −1Å −1 (measured from Orosz et al. 1999 Fig. 7) , and find d = 170 pc.
PCEBs containing a sdB primary
Considering the rather similar properties of the sdB primaries in HW Vir, HS 0705+6700, PG 1017-086, and NY Vir (M 1 , T eff , see Table 1 ), we computed (crude) dis- Figure 9 . The HST/STIS echelle spectrum of HZ9 along with the best-fit T eff = 17 400 K pure hydrogen white dwarf model, assuming log g = 8.0. The sharp "absorption dips" at the red end of the spectrum are due to gaps between the echelle orders. Fulbright et al. (1993). tances estimates by scaling the distance of HW Vir (d = 171 pc, V = 10.6; Wood & Saffer 1999) to the observed V magnitudes of the other sdB PCEBs (HS 0705+6700: V = 14.8; PG 1017-086: V = 14.4; NY Vir: V = 13.2). This estimate ignores possible extinction as well as differences in T eff and R 1 .
Space densities
Inspection of Table 2 shows that 12 PCEBs from our sample are within 100 pc (including RE 1016-053, d = 75 − 109 pc). This gives an "observed" space density of (= 2.9× 10 −6 pc −3 ) which can be considered to be a conservative lower limit on the PCEB space density as the presently known PCEB sample is systematically dominated by young PCEBs (see Sect. 5.1, Table 2 ). Accounting for this bias, we estimate the true PCEB space density to be:
where f PCEB is the mean fractional PCEB life time that the systems have already passed through. The substantial difference between the estimates of ρ PCEB for the two AML prescriptions results from the fact that the mean evolution time scale is significantly longer forJ =J RMB and, thus, the existence of more old and yet undetected PCEBs is predicted. However, even the higher value of ρ PCEB , assumingJ RMB , is still significantly below the theoretical predictions of de Kool & Ritter (1993, their Fig. 4) indicating that our sample is probably not only biased towards young systems (see Sect. 9.3). Requiring t tot < τ 0 for PCEBs which can be considered pre-CVs, we find 6 (J CMB ) and 7 (J RMB ) of these systems within 100 pc, resulting in lower limits on their space density ρ preCV > 1.4 × 10 −6 pc −3 (J CMB ) and ρ preCV > 1.7 × 10 −6 pc −3 (J RMB ). We estimate the actual pre-CV space density, again taking into account age and evolution time scale and find
Our estimate of the current pre-CV space density allows an estimate for the present CV space density. Considering the average of the pre-CV lifetime (t preCV ) of the systems we find within 100 pc and following Politano (1996) in assuming that the CV birthrate has been constant since t gal = 10 10 yrs we get
for both angular momentum loss prescriptions. Considering the assumptions involved and the small number statistics of the known pre-CV sample, this result has to be regarded as a rather rough estimate. Nevertheless, our estimate for ρ CV is in agreement with the high end of current observational estimates (see Gänsicke et al., 2002) but below theoretical predictions: 10 −4 pc −3 (de Kool, 1992) to 2 × 10 −5 pc −3 (Politano, 1996) . As we will discuss in Sect. 9.4, the presently known sample of PCEBs/pre-CVs is very likely incomplete not only with respect to those systems containing cold white dwarfs, but also to those systems containing an early-type secondary. Hence, we would like to stress that all the space densities derived above should be regarded as lower limits to the true values.
Considering the binary age postulate (BAP) of outlined in Sect. 2 we note that assuming reduced magnetic braking indeed leads to an increase of the averaged evolution time scale for pre-CVs but the presently known PCEB population is too small and too strongly biased to prove or disprove the BAP scenario.
Observational selection effects
We have shown that the known population of PCEBs is dominated by young hot systems (Sect. 5.1), and that, applying the current theories of (pre-)CV evolution, the majority of them will remain in a detached configuration for many 10 8 yrs to several 10 9 yrs (Sect. 6) -sufficiently long for their white dwarf primaries to cool -depending on t sd and M 1 -to temperatures 6000 K < ∼ T eff < ∼ 15 000 K Figure 10 . The currently known populations of single white dwarfs (top) and PCEBs (bottom) as a function of their effective temperature. Here, we follow McCook & Sion (1999) and plot the spectral temperature index, Θ eff = 50 400/T eff , which is a direct indicator of the age of the white dwarfs. The grey shaded histograms represent systems which have been found in the PG survey. Obviously, there exists a population of cool single white dwarfs whereas PCEBs white dwarfs are generally hot and young.
(see Fig. 7 ) These findings strongly suggest that -if the reality about AML in PCEBs is somewhere bracketed between the prescriptions ofJ CMB andJ RMB -the currently known population of PCEBs is highly incomplete.
As a test for possible selection effect, we compare the effective temperature distribution of the white dwarfs in our PCEB sample to that of field white dwarfs. Fig. 10 ) with a mean effective temperature of T eff WD = 19 360 K. Also shown in Fig. 10 (bottom panel) is the temperature distribution of the PCEB white dwarf primaries from our sample (Table 1) , which also peaks in the range T eff PCEB ≃ 15 000 − 22 000 K, but lacks the low-temperature tail seen in the McCook & Sion sample. The average temperature of the white dwarfs in our PCEB sample is T eff PCEB = 33 423 K. Using χ 2 statistics, the significance that two distributions are different is
where ν is the number of degrees of freedom, i.e. the number of bins, and χ 2 is given by:
with N i the number of objects in bin i, N wd ≡ ν i=1 N wd,i and N pc ≡ ν i=1 N pc,i . We obtain for the probability that the two distributions are different:
It appears, hence, likely that the PCEB white dwarfs are indeed on average hotter -and therefore youngerthan the single field white dwarfs of (McCook & Sion, 1999 Table 1 shows that five of our PCEBs with a white dwarf primary are contained in the Palomar-Green (PG) survey (Green et al., 1986) : UZ Sex, CC Cet, LM Com, GK Vir and NN Ser. Fig. 10 shows the temperature distribution of both the field white dwarfs (upper panel) and of the PCEB white dwarfs (bottom panel) from the PG survey. The mean values of the effective temperatures for PCEB white dwarfs and single white dwarfs contained in the PG survey are T eff PCEB = 35 380 K and T eff WD ∼ 21 000 K, respectively. The mean effective temperature of the white dwarfs in PCEBs is again somewhat higher than that of their field relatives. As there are only five PCEBs with a white dwarf primary included in the PG-survey, the statistic is very poor but for completeness we give the probability that the difference of the two distributions (see the shaded histograms in Fig. 10 ) can be explained by chance
Obviously, from this subset of systems we can neither say that the white dwarfs in PCEBs are systematically hotter and younger than their field relatives nor can we exclude that this is the case. In the next section we will discuss observational selection effects. This will give us a hint which possibility is more likely. Notice, the probabilities given by Eq. (17) and (18) are calculated by neglecting the very few detected extremely old single white dwarfs, i.e. using only 9 (Eq. (17)) respectively 5 (Eq. (18)) bins.
Finding PCEBs
Based on the presently available data (Sect. 9.1 and 9.2), we can not exclude that the white dwarfs in PCEBs are -on average -systematically hotter (and younger) than single white dwarfs. This statement may be entirely based on selection effects skewing the temperature/age distribution of the white dwarfs in the known PCEB population. It is, however, very difficult to assess this bias quantitatively. We list in Appendix A for the PCEBs from our sample in Table 1 (1) the way that they were discovered in the first place, and (2) the way that their binarity has been identified. Inspection of these notes shows that the vast majority of the known PCEBs have been identified in the first place because of their white dwarf component -either as blue object or X-ray source. Obviously, the presence of a latetype companion may significantly affect the colour of a PCEB: the cooler the white dwarf and/or the earlier the companion are, the less blue the system will appear. This may affect different candidate samples in different ways, depending on how the criterion blue has been defined.
We have computed the colours expected for PCEBs containing a white dwarf with 6000 K< T eff < 50 000 K and an ZAMS companion with spectral type K0 to M6, the results for U − B and B − V are shown in Fig. 11 . Comparing these simulated colours to the selection criterion of the PG survey, U − B < 0.46 (Green et al., 1986) , it becomes apparent that PCEBs containing a cool (T eff < ∼ 15 000 K) white dwarf will be included in the PG survey only if their companions are of spectral type ∼M4 or later. Similarly, for such PCEBs B − V > 0.5, which will most likely prevent their selection as white dwarf candidates. As an example for the "historic" white dwarf searches, Giclas et al. (1965) used a Lowell colour class −1 or 0 (corresponding to B − V < 0.0 or B − V < +0.2, and U − B < −0.78 or U − B < −0.60) as selection criterion. Consequently, the GD lists will contain only those PCEBs containing moderately hot white dwarfs and late type secondaries, such as HR Cam and MS Peg.
PCEBs which were not initially selected as white dwarf candidates are: (1) the planetary nebulae; (2) high proper motion objects (RR Cae, BPM 6502, and BPM 71214) -interestingly enough, RR Cae is the PCEB containing the coldest white dwarf in our sample; and (3) variable stars (V471 Tau: spectroscopic; BE UMa: photometric). In the case of V471 Tau the optical emission is largely dominated by the K2V companion, and with B −V ≃ 0.76 the system does clearly not qualify as a white dwarf candidate.
The lack of early companions
So far we have focussed much of our attention on the temperatures of the white dwarfs in our PCEB sample, as this parameter is a direct measure of the age of these systems. However, Table 1 suggests that this sample is also biased with respect to the mass of the companion stars. The average mass of the companion in our PCEB sample is M sec PCEB = 0.24, whereas CVcat (Kube et al., 2002) lists the masses for 80 CVs with M sec CV = 0.43. A direct consequence of this dominance of low mass companion stars in the known PCEB sample is that the majority of these systems evolve into contact at short orbital periods (Sect. 6; Fig. 5 ).
The shortage of PCEBs with massive/early-type donor stars (0.4 M ⊙ < ∼ M sec < ∼ 0.8 M ⊙ ), i.e. the progenitors of long-period CVs, is subject to the selection effect which we just discussed in Sect. 9.3: in PCEBs with an early-type companion the secondary contributes significantly to the total optical emission of the system, and, consequently, such binaries do not qualify as white dwarf candidates (Fig. 11) , the major discovery channel for PCEBs.
As a result of the (very likely) incompleteness of known PCEBs with an early-type donor the space density estimates presented in Sect. 8 should be considered to be lower limits to the true ρ PCEB and ρ preCV .
Conclusion
We have presented the properties of the currently known sample of well-observed PCEBs and have calculated their past and future evolution based on two different assumptions for the angular momentum loss mechanism, adopting either the "classical" disrupted magnetic braking prescription (J CMB ) or the AML prescription derived by Sills et al. (2000) (J RMB ). The results from this study are:
1. The presently known PCEB population is dominated by young systems most of which have evolved only through a small fraction of their lifetime as detached binaries. On average, the white dwarfs in PCEBs are hotter than field white dwarfs. 2. While the evolution of an individual system strongly depends on whether we assumeJ RMB orJ CMB , the Figure 11 . Simulated colours for PCEBs containing a white dwarf with 6000 K < T eff < 50 000 and a companion with a spectral type in the range K0 to M6. The left panel shows in gray the PCEB parameter space that do not fulfill the selection criterion of the PG survey (U − B < 0.46).
total number of pre-CVs within the PCEB sample, i.e. systems which will start mass transfer within a Hubble time, is nearly the same for both prescriptions. Considering the time scale on which the PCEBs will evolve into semi-detached CVs we predict the existence of a large population of old PCEBs containing cold white dwarfs. The present lack of such systems is very likely the result of observational biases, as the majority of the known PCEBs were initially selected as blue objects. 3. An additional consequence of the observational selection effects involved in the discovery of PCEBs is a shortage of systems containing a "massive"/early-type companion (0.4 M ⊙ < ∼ M sec < ∼ 0.8 M ⊙ ) -which are the progenitors of long-period CVs. Indeed, our calculations predict that most of the pre-CVs among the PCEBs in our sample will evolve into CV with short orbital periods (P orb < 3 h). 4. The space density of PCEBs estimated from the currently known sample is 6 × 10 −6 pc −3< ∼ ρ PCEB < ∼ 3 × 10 −5 pc −3 , depending on the assumed AML prescription. Taking into account the age as well as the evolution time scale of the pre-CVs in our sample and assuming that the birthrate of PCEBs remains unchanged we derive for the CV space density ρ CV ∼ 10 −5 pc −3 , nearly independent on whether we assumė J CMB orJ RMB . This value is somewhat higher than current observational estimates but below theoretical predictions. However, due to the observational bias working against the discovery of PCEBs containing an early-type companion our estimates should be considered to be lower limits to the true values of ρ CV and ρ PCEB . emission line star in the PG survey by Ferguson et al. (1981) .
